In the late 1980s, the advent of soft ionization techniques capable of generating stable gas phase ions from thermally unstable biomolecules, namely matrix-assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI), laid the way for the development of a set of powerful alternatives to the traditional Edman chemistry for the structural characterization of peptides and proteins. The rapid protein identification capabilities that, coupled with two-dimensional gel electrophoresis, provided insights into all sorts of biological systems since the dawn of proteomics and have been exploited in the last few years for the development of more powerful and automatable gel-free strategies, mainly based on multidimensional chromatographic separations of peptides from proteolytic digests. In parallel to the evolution of ion sources, mass analysers and scan modes, the invention of new elegant biochemical strategies to fractionate or simplify highly complex mixtures, or to introduce isotopic labels in peptides in a variety of ways now makes also possible large-scale, high-coverage quantitative studies in a wide dynamic range. In this review, we provide the fundamental concepts of mass spectrometry (MS) and describe the technological progress of MS-based proteomics since its earliest days. Representative literature examples of their true power, either when employed as exploratory or as targeted techniques, is provided as well.
INTRODUCTION
Mass spectrometry (MS) has been widely used as an analytical technique since its establishment more than one hundred years ago [1] . Its sensitivity and selectivity are excellent and, either the molecular weight (MW) or structural information of a compound can be obtained in a short time. Despite these advantages, until the early 1990s this technique was seldom applied to the study of peptides and proteins. The methodology, based in automated Edman degradation, was used for the identification and sequencing of proteins [2] and sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE) was the method of choice for MW determination [3] .
MS instrumentation separates and detects the ions in gas phase and therefore, prior to any separation by MS, molecules must be ionized and converted into gas using different techniques. Most of the ionization techniques in use at this time were not applicable to peptide and protein molecules because it was not possible to convert them into intact ions. It can be intuitively realized that it is not easy to ionize and take into gas phase large and polar molecules so that any fragmentation or decomposition occurs.
Fast atom bombardment (FAB) [4] , plasma desorption (PD) [5] and thermospray [6] were the unique ionization techniques allowing the work with proteins. They were called 'soft' ionization techniques because they were able to convert large molecules into gas phase without affecting their integrity and constituted a very important development. For the first time, it was possible to calculate easily the MW of proteins with certain exactitude, as well as to study peptide fragmentation behaviour under a collision-induced dissociation (CID) [7] regimen. Sensitivity was the main problem: the quantities needed to perform an analysis, much higher than those needed for Edman sequencing, made these ionization techniques unsuitable for routine protein identification.
Only a few laboratories were experimenting with the application of MS as an instrumental tool for analytical and structural studies of proteins. In the 1980s, using FAB as ionization technique coupled with a four sector instrument, Biemann intensively studied the fragmentation patterns of peptides [8] , acquiring a knowledge that allowed the classification of these fragments [9] . At that time, Hunt and collaborators were able to sequence the first protein using MS exclusively [10] . Again an FAB ionization source was employed.
The most important breakthrough, making possible the complete application of MS to the study and analysis of proteins, was the development of two new ionization techniques in the late 1980s. Electrospray ionization (ESI) and matrix-assisted laser desorption/ ionization (MALDI) allowed for the first time the acquisition of mass spectra with minute quantities of peptides and proteins. In 1988, Fenn et al. demonstrated that it was possible to obtain the mass spectrum of proteins with only a few picomoles [11] . The same year, Karas and Hillenkamp published spectra of proteins as large as 10 kDa, obtained coupling their newly developed MALDI source to a time-of-flight (TOF) mass spectrometer [12] .
At the protein society meeting, held in 1989, Henzel et al. presented the germinal work of the methodology that, 4 years later, was to be called peptide mass fingerprinting (PMF) [13, 14] . These authors used an FAB source coupled with a tandem sector instrument to obtain spectra of protein digests using sample quantities between 100 pmols and 1 nmol. Despite the huge protein amounts employed as compared with the femtomole quantities used presently, they demonstrated that using the mass spectrum of a protein digest and the available rudimentary protein databases (20 000 entries in 1989 versus 2.5 million entries in 2005), it was possible to identify a protein in a few minutes. The third piece of the puzzle was a search software capable of comparing the experimental mass spectrum taken from a protein digest with the theoretical spectra produced by the proteins in the database if subjected to the same digestion conditions. The foundations for the development of proteomics had been laid.
In 1993 five groups published their results in protein identification using MALDI-TOF instruments and their own search programs [15] [16] [17] [18] [19] . By this time the exponential growth in database entries situated them in 100 000, establishing the possibility of identification of thousands of proteins. In principle, any protein can be identified with this procedure provided its sequence is annotated in any protein database.
Nevertheless, for different reasons proteins included in databases were not always identified by PMF. In such cases, Edman chemical degradation or mass spectrometric CID fragmentation were the alternatives. Although the expertise in the first technique was widespread, not many experts in interpreting peptide fragmentation spectra existed at this time. In 1994, two special search programs, SEQUEST [20, 21] and PeptideSearch [22] , were developed to identify proteins using peptide fragmentation spectra after chemical or enzymatic digestion. Using any of these programs, the interpretation of fragmentation spectra was unnecessary, as they enabled the automated comparison of measured fragmentation spectra with those expected under the same collision conditions for every peptide obtained by the digestion of each protein present in the databases interrogated. One advantage of this methodology for protein identification was the possibility of using the emerging EST databases [23, 24] , built up with fast partial cDNA sequencing and containing large amounts of information not useful for PMF.
These two procedures, PMF and searches with uninterpreted peptide fragmentation spectra, constitute the methodology used in most proteomics laboratories during the last 10 years. Many proteins have been identified in this way and a number of publications show the usefulness of this approach, now renamed as 'classical proteomics'.
However, modern biology needs an even faster production of data and proteomics techniques are in the process of adaptation to these demands [25] . High throughput protein identification, quantitative differences in protein expression and the global study of post-translational modifications are among others, increasing demand by many researchers. New methodologies are under development, being used routinely by specialized laboratories and in the process of establishing by others. Multidimensional chromatography protein identification (MudPit) [26] and isotope labelling [27] are techniques that may solve new research demands and many groups are now moving on to this methodology that has been called 'Second generation Proteomics', in contrast to the well known and widely used Classical Proteomics.
The present review is focused on the description and functionalities of the MS instrumentation that has made possible the development of proteomics methodologies, as well as of the development of new MS instruments that run in parallel with the advances in the discipline of proteomics. Publications of the major achievements in the last 10 years will be reviewed with emphasis on the instrumentation used.
MASS SPECTROMETRY General aspects
Mass spectrometers are instruments capable of producing and separating ions according to their mass-to-charge ratio (m/z). To make separations possible, electric or magnetic fields are generated inside the instrument. These fields separate the ions influencing their spatial trajectories, velocity and/or direction. The effects of an electromagnetic field on the ion movement are inversely proportional to the mass of the ion and directly proportional to its electrical charge. Then, a mass spectrum of a compound consists in a plot of ion abundance versus its m/z ratio, from which the MW can be deduced.
To be effective, ion separation must be done under vacuum to avoid the collision between accelerated ions and air molecules. Ion trajectories decrease as pressure increases and the mean distance run by an ion after acceleration may decrease from more than one metre to less than a millimetre by decreasing the vacuum from 10 À6 to 10 À3 torr. Ionization source, analyser, detector, data processor and vacuum pumps are the main components in a mass spectrometer ( Figure 1 ). As previously stated, the analyser and the detector must be under vacuum, although ion production can also be done at atmospheric pressure depending on the type of ionization source.
To be separated by electromagnetic fields, neutral molecules must be converted into ions and, if necessary, transferred into gas phase, a process that takes place in an ionization source. Given the high MW and polarity of peptides and proteins, the ionization source not only has to ionize them, but also has to produce desolvated ions in gaseous phase (desorption). Among the diverse ionization sources available for desorption, only ESI and MALDI produce peptide and protein ions efficiently (Figure 1 ). In ESI, ions are formed at atmospheric pressure, while ions in MALDI they may be generated either at atmospheric pressure [28] or under vacuum conditions, although the best performance is obtained when working at low pressure.
The analyser is the instrumental part that separates the ions obtained at the ion source. Either electric or magnetic fields can be applied for the separation. All the existing analysers can be used for working with peptides and proteins, if coupled with the adequate ion source. Due to their ease of use and low price, the analysers mostly used are quadrupoles, TOF instruments and ion traps, either alone or combined in hybrid instruments (Figure 1a-f ) .
As an analytical instrument, one of the most important characteristics of mass analysers is their resolution, i.e. their capacity to differentiate two close signals (Figure 2 ). In MS, resolution is given by the equation R ¼ Ám/M, where M is the mass of a compound and Ám is the width of the mass peak and can be taken at different peak heights. Frequently, resolution is measured taking Ám as the full peak width at half maximum (FWHM). As mass resolution increases, there is an improvement on the exactitude with which the m/z of an ion can be taken.
The mass spectra of peptides, as well as those of every organic substance, are composed of several peaks separated by a constant m/z value. These peaks represent the m/z values of the different isotopic peaks of a given molecule and are originated by the presence of $1% of 13 C in all the organic molecules ( Figure 2a ). An instrument with enough resolution will be able to resolve the isotope peaks for a given substance. As the MW of a compound increases, an instrument with higher resolution will be needed to have isotope peaks completely separated, i.e. to obtain isotopic resolution.
Ionization sources
Matrix-assisted laser desorption/ionization MALDI [12] relies on the utilization of a matrix compound capable of absorbing ultraviolet (UV) light. The matrix and the sample (e.g. a peptide mixture) are mixed in the appropriate solvent with approximately 10 000-fold molar excess of matrix and deposited onto a sample probe that normally allows the measurement of dozens to hundreds of samples. The solvent is allowed to evaporate and co-crystallized analyte molecules embedded in matrix crystals are obtained. The sample probe is then placed into the MS at high vacuum. The MALDI process is depicted in Figure 1 (2) . When the probe is hit by the pulsed UV laser beam, the energy is absorbed by the matrix, which is partially vaporized and carries intact analyte molecules into the gas phase [29] . During the expansion of the MALDI plume, protons are exchanged between analytes and matrix molecules, resulting in the formation of positively and negatively charged analyte molecules in a process that is not yet fully understood [30] .
MALDI is a competitive process in which the ionization of an analyte may be inhibited dramatically by the presence of others [31] . Thus, in tryptic peptide mixtures, arginine-containing peptides ionize preferentially due to the strong gas phase basicity of this amino acid [32, 33] . Chemical procedures have been developed to modify lysine in order to increase its basicity [34] . Conversely, phosphopeptides, due to the acidic properties of the phosphate group, ionize poorly with MALDI [35] .
Sinapinic and a-cyano-4-hydroxycinnamic acids are, respectively, the most used matrices for protein and peptide analysis, although 2,5-dihydroxybenzoic acid is frequently used as well for peptide mapping [36] . Chemical additives to matrices are claimed to perform better for phosphopeptides [37] , or to enhance the MALDI process in general [38] . Several neutral detergents, like octyl-beta-glucoside [39, 40] , are highly compatible with peptide ionization and may enhance it, while charged detergents as SDS [41] have a deleterious effect. In any case, MALDI has the advantage over ESI that it is more tolerant to sample contaminants like buffers and salts, when these are present at low concentrations. The spectra in the presence of chaotropes, like urea, may be taken even at concentrations as high as 2M.
Although nitrogen UV lasers are the most commonly used, infrared lasers have demonstrated their utility for desorption and ionization of peptides from membranes after blotting [42, 43] . Matrices such as ice can be used for peptides and proteins [44] .
Electrospray
When a high voltage is applied to a liquid flowing through a narrow capillary, an electrical spray, composed of charged small drops (<10 mm in diameter), is formed. These micro-drops evaporate very fast until the number of charges on their surface becomes very high and surpasses the Rayleigh limit, then they explode forming smaller micro-drops. This process is repeated several times until ionizable analytes present in the solution escape from microdrops (Figure 1(1) ). Analytes are further desolvated in the interphase with the mass spectrometer, passing through a heated capillary or with warm nitrogen counter current, depending on type of the ESI source [45] . To prevent adduct formation with salts or detergents, samples to be ionized by ESI are previously purified by reverse phase cartridges.
One of the advantages of electrospray is that ions, depending on their molecular mass and structure, may acquire multiple charges. Peptides and proteins can be successively protonated, acquiring different m/z ratios suitable for good ion transmission in a quadrupole analyser. The multiple peak spectra of proteins are very useful for molecular mass determination in a low resolution instrument. Tryptic peptides usually become doubly or triply charged, fragmenting easily with less activation energy, giving rich information patterns for database searches and are also amenable to manual interpretation.
A dramatic improvement of sensitivity is achieved with miniaturized ESI sources. The spraying capillary opening may be reduced to several microns, even to <1 mm and flow rates may become as small as 10 nl/min [46] . In the static form of nanospray, 1-2 ml of the sample may last for hours, facilitating the acquisition of dozens of spectra [45] . Dynamically, coupling these miniaturized ESI sources to a micro-capillary HPLC and using columns of <100 mm diameter allows high sensitivity protein digest analysis, even for mixtures [47] . C ratio. At lower resolution, an envelope centered at a higher m/z ratio value is obtained as depicted by a dashed line (Top). The ion charge state can be directly inferred by measuring the exact distance between adjacent isotopic components (1amu for z ¼1, top; 0.5 amu for z ¼ 2, bottom).
ESI is a very soft ionization technique as it is proven by the possibility of producing macromolecular complexes in the gas phase maintaining intact their non-covalent interactions [48, 49] . The MW of an intact virus was measured using ESI coupled to FTICR [50] .
Analysers
Electric and/or magnetic fields are used for separating ions in gas phase. The analyser is the part of the mass spectrometer where this separation takes place (Figure 1a-f ) . Mass analysers presently used were originally designed decades ago, but some of them were not widely available commercially until recently, and now they are in widespread use thanks to the technical developments in the last two decades. Mass spectrometers may be constructed with one or more analysers, depending on the task they will be used for. Instruments composed of two or more mass analysers coupled together are known as tandem mass spectrometers.
The construction of the first mass spectrometer dates back to the beginning of the last century. For more than 60 years, sector (magnetic or electric) and quadrupole analysers have been almost the only instrument used for analytical purposes. Until the spurt in interest in proteomics during the 1990s, analysers like TOF and ion trap were in use only in highly specialized labs [51] . This review will focus on quadruples, TOFs and ion traps (ITs), which, alone or in tandem, are commonly used in proteomics applications. The particularities and usefulness of the most used tandem devices such as triple quadrupole (TQ), double quadrupole-time of flight (QqTOF), double quadrupole-ion trap (QTRAP) and tandem TOF (TOF/TOF), will also be discussed [52] .
Time of flight. TOF (Figure 1e ) is the simplest mass analyser. It consists essentially of a flight tube in high vacuum. Ions, accelerated with equal energies, fly along the tube with different velocities, which are inversely proportional to their masses [53] . A great majority of the TOF instruments uses MALDI as a source of ion formation. Given that TOF is a discontinuous separation technique, its coupling to a pulsed source such as MALDI is straightforward. With a high frequency laser, the sample throughput can be really high.
The so-formed ions are accelerated in a strong electric field (typically 20 kV), and then allowed to drift freely over the field-free region, usually between 0.5 and 3 m long. Ions of different masses are separated since lighter ions arrive at the detector faster than those of higher mass. The TOF spectrum is a recording of the signal produced by an ion detector at the end of the flight tube upon the impact of each ion group. A conventional mass spectrum, displaying intensity over m/z ratio is achieved by taking into account the relationship of the time of arrival to the detector (t) with the square root of m/z ratio value of the ion. However, the complex MALDI process gives rise to relatively broad spatial and kinetic energy distributions, which degrade resolution. Short (100-200 ns) delay in the application of a gradient extraction voltage (delayed extraction, DE) [54] reduces peak width and increases resolution, which may be enhanced further by using an electrostatic mirror called a reflectron.
The pathway for the ions in a TOF is reversed and enlarged using an electrostatic mirror to reflect ions at the end of the field-free region ( Figure 1 ) [55] . The electrostatic mirror, allowing a deeper penetration of faster ions, compensates for small kinetic energy differences in a given ion population. Peak mass resolution in the order of 25 000 FWHM can be achieved with the present MALDI-TOF instruments. The technique is applicable not only for peptides and proteins, but also for different types of bio-molecules, such as polysaccharides, lipids and polynucleotides [56] [57] [58] [59] [60] [61] [62] .
Quadrupoles. Quadrupole ions are separated due to the electrical fields created by four parallel rods, which have a hyperbolic section, although cylindrical shape is widely used. Opposite rods are electrically connected and two voltages, direct current (DC) and a radio frequency (RF) alternate current (AC) are applied. Contiguous rods have opposite DC polarity and the alternate current is 180 out of phase between them. Inside this electrically oscillating field, ions describe complex trajectories and only those with stable trajectories will travel along the quadrupole and reach the detector. When these DC and RF voltages are increased, maintaining their ratios constant, ions with increasing values of m/z ratio are selected [63, 64] .
Voltages in a quadrupole may be manipulated in three different ways depending on analytical purposes. If DC is zero and only RF is applied, every ion trajectory is stable and all ions pass through the quadrupole. In this case, it is said that the quadrupole is set in RF mode. In the scanning mode, DC and RF are varied simultaneously, allowing the ions with different m/z ratio to pass sequentially. In this instance, the duty cycle, i.e. the percentage of time in which a particular ion is getting through the quadrupole and reaching the detector, is low, usually below 0.1%; thus as most of the ions are lost and sensitivity is not high. The duty cycle may be improved at the expense of resolution; therefore sensitivity and resolution are opposed using quadrupole analysers. The third mode to use a quadrupole is to fix the voltages, allowing stable trajectories only for ions having a predetermined m/z ratio. The duty cycle now is high, close to 100%.
Ion transmission in quadrupoles decreases as m/z ratio increases and mass range is very limited when compared with TOFs. Most quadrupoles in analytical instruments have an m/z ratio limit of 4000, although the sensitivity begins to decrease well below this level. Nevertheless, due to multiple charge ion production in ESI sources, quadrupoles may be used to determine the MW of macromolecules, including proteins and nucleic acids [65] . Figure 1d ) mass spectrometers. These types of instruments have in common the particularity that ions are retained inside them and may remain trapped during the time needed to perform the usual operations in MS, i.e. full scan, precursor selection, fragmentation and product ion analysis. Furthermore, the process of ion selection, decomposition and fragment analysis can be repeated several times in a process known as MS n . Successive information from fragment ions is produced by applying MS n . In trapping instruments, analyser electrodes and RF voltages are designed to induce stable and close trajectories to ions, which may last entrapped from fractions of a second to hours [66] .
The spherical or three-dimensional IT (QIT) [67] is, along with MALDI-TOF, the most common mass spectrometer used in proteomics. This is an affordable, compact and easy to manipulate instrument, whose popularity is based on its high sensitivity for peptide analysis when coupled to a nanospray source, as well as on its capability of producing the data quickly. ITs are formed by three electrodes (Figure 1b) , one ring-shaped, named annular or ring electrode, and two end-cap electrodes at both sides of the ring. Inside the small cavity formed by these electrodes, around 1-2 cm 3 , the ion trapping and analysing processes take place. Once inside the trap, increasing the ring RF voltage causes ion trajectories to destabilize successively and therefore ions are ejected from the trap. The ejected ions reach the detector sequentially and their m/z ratios are registered. Resolution in ITs is inversely related to the scanning speed of choice. Generally, both full and product scans are performed at low resolution and high scan speed, enabling the compatibility with HPLC separations but at the same time maintaining a high throughput regimen for mass analysis. Nevertheless, medium resolution, needed for ion charge assignment, may be obtained at lower scan speeds when only a short m/z range is considered (e.g. 10 Da). These short, slow scans are compatible with the high performance of the instrument.
Although the technique is based on early experiments by W. Paul in the 1950s, ion trap commercial burst began in 1996. Since then, proteomics laboratories have been replacing their TQ instrumentation with ITs for the aforementioned reason. The sensitivity is not especially good in the full scan mode due to charge-space effects because the charge repulsion phenomena can cause a limitation in the number of ions that may be trapped inside without compromising the resolution and mass exactitude of the measurement. Nevertheless, sensitivity in daughter ion scan mode is much better than on any other instrument. The peptides that are not detectable in full scan mode may be fragmented in the trap in less than a minute, producing very clear spectra useful either for database searching or for de novo sequencing. The capability of performing successive fragmentation steps is the basis of a successful methodology for de novo sequence assignation [68] .
Spherical traps are normally connected to static or dynamic miniaturized ESI sources, the latter coupled to micro HPLC separation, depending on the complexity of the sample. In both cases, a highly sensitive analysis of peptide digests can be achieved as shown by hundreds of publications in the last 10 years [69] . Although commercially available, MALDI sources for ITs have not been widely used. Frequently, only poor fragmentation patterns are produced for long (15-20 amino acid residues) tryptic peptides with 1 þ charge, and despite several publications reflecting the feasibility of this methodology, it is not routinely used in proteomic research [70] .
In the recently introduced linear or 2D ITs (LITs) [71] , ions are trapped in a cavity inside a quadrupole of a combination of RF voltages applied to the quadrupole rods and a DC voltage applied to the end lenses situated at both sides of the trap. Trapping efficiency is one order of magnitude higher than for 3D traps and the capacity, i.e. number of ions that may be trapped, is roughly 50 times higher. Both the magnitudes contribute to a sensible increase in instrument sensitivity.
In ion cyclotron resonance, ICR [72] , ions are trapped in a cell composed of four electrodes situated in a strong magnetic field. Once trapped, the ions oscillate with a frequency (cyclotron frequency) inversely related to their m/z ratio. The cyclotron frequencies are directly related to the intensity of the magnetic field. The trapped ions may be excited by an electric RF with a frequency in resonance with their cyclotron frequency. Though the ion oscillation ratio increases, its frequency is maintained. Nondestructive detection is possible due to an image current, created in the detector, having the same frequency as the cyclotron frequency for the ion. The frequencies can be measured with great precision. As cyclotron frequency increases with the strength of the magnetic field, higher resolution and precision in mass measurement will be possible with instruments working under higher magnetic fields. When ions with different m/z ratios must be measured simultaneously, fourier transform (FT), a complex mathematical procedure is necessary. The FTICR is at present the mass spectrometer providing the highest mass resolution (values >10 6 have been reported [73] ), enabling proteomics studies with intact undigested proteins [74] . This methodology is known as 'top-down' proteomics and will be discussed later [75] .
Tandem instruments. Schemes of the tandem mass spectrometers mostly used in proteomics are shown in Figure 1 . The arrangement of three quadrupoles (TQ; Figure 1c ) in tandem presents very interesting scanning possibilities and has been widely used [76] . The third quadrupole can be substituted by a different analyser, e.g. a TOF (QqTOF) [77] or a linear IT (QqLIT; Figure 1c ) [78] .
The TQ coupled to an ESI source was the most used instrument during the early 1990s to perform peptide fragmentation. Numerous publications show the results (impressive for that time), which could be produced when nanospray coupled to TQ was used to identify proteins by peptide fragmentation, including de novo sequencing [79] . The methodology used consists in the initial mass isolation of an ion by adequately setting the voltages in the first quadrupole, followed by their fragmentation in the second quadrupole, and scanning of the fragment masses in the third quadrupole. The second quadrupole is set in the RF mode and filled with gas molecules, usually argon to a pressure of around 10 À5 torr. The ions leaving the first quadrupole collide with gas molecules and dissociate into fragment ions. These fragment ions are further mass separated in the third quadrupole (daughter ion scanning). Although one order of magnitude less sensitive than the first generation of ITs, its particular scanning modes make the TQ a very versatile instrument. As it can be seen in Figure 3 , tandem MSs, which have two scanning analysers, as TQ and QqLIT, can be used as well, in the parent ion scan mode and in the neutral loss mode. In the parent ion scan mode, the first quadrupole is set to scan the full mass range, while the third is set to allow the isolation of ions with a specific m/z ratio. Using the parent scan mode, ions producing a particular fragment may be detected even in the presence of high chemical noise. The parent ion scanning for amino acid immonium ions compensates when full scan sensitivity in TQs is not good enough. The peptide ions, detected by the parent ion, are further fragmented with high sensitivity, because chemical noise is substantially removed during daughter ion scans [80] .
The usefulness of neutral loss and parent ion scan modes will be discussed further, when dealing with post-translational modifications. QTRAP [78] , a new type of mass spectrometer, can be used to perform parent ion and neutral loss scans with better mass resolution and much higher sensitivity than TQs and is increasingly used, especially in the study of post-translational modifications.
Instruments in which two quadrupoles are set in tandem with an orthogonal TOF (QqTOFs) [77] constitute nowadays, together with ITs, the most extended choice to analyse and fragment ESI-produced peptide ions. The high resolution (ca. 20 000) and sensitivity (one order of magnitude higher as compared with TQ) of QqTOFs instruments is due to the substitution of the last quadrupole in the TQ configuration by a TOF analyser. When working with the parent ion scanning mode, QqTOFs have the advantage that several ions may be checked simultaneously, in contrast with the single ion checking of TQs. Furthermore, higher resolution allows checking the ions with m/z ratio very close to contaminants [81] . Nevertheless, due to the poor transmission of ions between the quadrupoles and the orthogonal TOF, TQs and QqLIT are generally preferred when performing parent ion experiments [81] . A methodology recently developed facilitates one to obtain comparable sensitivity in parent ion scanning with QqTOFs, using a software that makes it unnecessary to scan their first quadrupole [82] .
The coupling of a MALDI source with instruments capable of an efficient peptide isolation and fragmentation has proved to be very useful. When a protein cannot be identified by PMF, it would be very interesting to obtain peptide fragmentation data using the same sample without further purification. In this way, ambiguous PMF matches could be transformed into significant hits when enriched with the fragmentation data from at least one peptide. QqTOFs [83] , TOF/TOFs [84] , QITs [70] and recently LIT, have been coupled to MALDI sources. The good quality of fragmentation spectra has been extensively proven with QqTOFs and TOF/TOFs instruments (Figure 1f ). MALDI-TOF/TOF constitutes today workhorses for high throughput proteomics [85] . MALDI-LIT is a promising instrument, although very new and not enough studies on its use have been published.
Recently, FTICR instruments have been coupled to quadrupole (Figure 1d ) and linear IT analysers. The advantages of this configuration lie in the possibility of performing ion selection and fragmentation outside the ICR cell [86] . High vacuum preservation and a more efficient usage of the cell are the benefits expected.
PROTEIN IDENTIFICATION Peptide mass fingerprinting
The most frequently used strategy for studying protein expression patterns and identifying proteins involved starts with SDS-PAGE separations, either in 1D or 2D. In 2D electrophoresis, proteins are separated according to both, their isoelectric point and their molecular weight. The separated proteins are then visualized by staining with silver nitrate, Coomassie Blue or fluorescent dyes, and usually digested in-gel with specific proteases (e.g. trypsin and LysC). The resulting proteolytic peptides are extracted from the gel piece and analysed by MALDI-TOF MS [12] . The set of measured peptide masses is the peptide mass fingerprint. Proteins can be identified in this way with good high throughput compatibility [87] and a high sensitivity even below the femtomole range [88] .
This experimental mass profile is matched against the theoretical masses obtained from the in silico digestion at the same enzyme cleavage sites of all protein amino acid sequences in the database. The proteins in the database are then ranked according to the number of peptide masses matching their sequence within a given mass error tolerance. Unfortunately, a mass fingerprint does not include all the theoretical peptide masses expected for the given digestion conditions. Furthermore, an important percentage of experimental peaks correspond to masses that do not match the peptide masses in the protein found. These two factors may increase the difficulty of an unambiguous assignment for a protein match. Trypsin autolysis, contaminant keratin derived tryptic peptides and matrix adduct peaks can be tabulated, but in addition to these peaks most of the digest spectra contain others not easily assignable, increasing the noise in database search results. Successful protein identification depends on several factors, being the most important: (i) MALDI peaks mass accuracy (ppm allowed), (ii) the relation between assigned and unassigned peaks in the spectrum and (iii) the size of the database used [89] . With this approach, a protein is considered to be successfully identified when five or more peptide masses are matched with a mass accuracy better than 30 ppm, 15% of the sequence is covered and the next best protein candidate has a significantly lower agreement with the measured data [54] . Several scoring functions have been developed to simplify the determination of confidence levels [90] . Since 1993, the combination of PMF and MALDI-TOF has been a very sensitive, fast and reliable method for protein identification. Most of the protein identification work in the last 12 years has been done by PMF. The methodology is very simple, the techniques for sample preparation are not complicated and search programs and protein databases can be acquired and installed in the lab computers to get fast results. However, most search programs (MASCOT: http://www.matrixscience. co.uk, PROFOUND: http://prowl.rockefeller. edu/profound_bin/WebProFound.exe, MSFIT: http://prospector.ucsf.edu/ucsfhtml4.0/msfit.htm, ALDENTE http://www.expasy.org/tools/aldente, etc.) may be used freely through the Internet. The whole process (sample preparation, data acquisition and database search) is now fully automated and several hundred proteins may be identified per day with only one instrument [91] .
Nevertheless, as no sequence information is obtained by PMF, caution must be taken with results. A high degree of expertise is needed to interpret search program reports to avoid the possibility of giving false positives. Very restrictive conditions are required today by scientific journals to accept PMF data for publication [92] .
Protein identification with peptide fragmentation data
Peptide ions in gas phase may decompose under various conditions: CID, metastable decay, etc. in a process known as MS/MS. The type of peptide fragment ions depends on the decomposition process. A low energy CID regimen is most frequently used for peptide fragment-ion production. Under this regimen, ions are accelerated acquiring energies in the order of a few electron volts (eV) and fragmentation occurs principally at the peptide amide bond. Two types of fragments are produced [8] : one of them preserves the N-terminus of the peptide while the other conserves the C-terminus (b and y ions, respectively, Figure 4 ) [9] . Neutral losses of these ions are also frequently produced under the low collision energy regimen. The number and intensity of fragment ions is mainly peptide dependent, but diverse fragmentation patterns can be produced using different instruments. Besides, successive stages of fragmentation, MS n , may be performed when a trapping instrument is used [68] .
The identification of proteins with peptide fragmentation data may be done using one of the following approaches:
(1) Peptide fragmentation fingerprint (PFF): uninterpreted fragmentation spectra are compared, using ad hoc search programs, with theoretical spectra of peptides produced by in silico digestion of all the proteins in a database [20, 89] . (2) Peptide sequence tag: peptide mass together with a short sequence produced by partial interpretation of the spectrum is used for database searching [22] . The identification of peptides by MS/MS has substituted almost completely the more time consuming and relatively insensitive method of Edman degradation. Uninterpreted peptide CID fragmentation spectra are used to identify peptides and proteins with the help of programs like MASCOT [89] or SEQUEST [93] , which use mass fragmentation data to explore either protein databases (SwissProt, NCBInr, . . .), or nucleotide data, as the incomplete nucleotide sequences contained in the diverse EST databases [94] . Each of these programs uses its own scoring system showing the probability of finding in a database a peptide identical to that producing a particular fragmentation spectrum. Depending on data quality and the instrumentation used, different search programs may have better performance and may be the obvious choice. Clear-cut results are produced in many cases with their own scoring systems but, frequently, an expert is needed to take an eye on the spectrum to be sure about the results. This is not compatible with highthroughput peptide and protein identification.
Peptide fragmentation spectra obtained by MS/ MS in a mass spectrometer are automatically assigned using search programs, provided that proteins that originate these peptides are included, either in a protein or in a genomic database. Spectra from peptides, unmodified or with known modification, constitute the ideal conditions for peptide identification and facilitate retrieving results with high scores and no doubt about their authenticity. Nevertheless, depending on the peptide amount and on averaging time, poor quality spectra may be produced, precluding their automated identification. Peptides may fragment too in a non-homogeneous way giving poor sequence coverage. This effect is pronounced in spectra taken from non-tryptic peptides when internal arginine or lysine residues are present. Hence, with some frequency, the quality of the fragmentation spectrum makes the identification of a peptide very difficult and there is not enough discrimination for a positive assignment. This is particularly true when low sensitivity analysis is performed using LC/MS/MS or when peptide fragmentation is not homogeneous. In this case, MS n experiments may help in the production of the expected results. Under these circumstances, the search program report consists of a list of peptides not containing an evident candidate and the right answer might be included or not in this list [95] . Manual interpretation of peptide fragmentation spectra, besides requiring particular expertise, is very time consuming and is absolutely incompatible with high throughput peptide and protein identification. Hence, most of the labs involved in protein identification take the safest choice, discarding any search program result which is not clear-cut.
The ESI has been, generally, the choice to ionize peptides for fragmentation. It may be coupled easily to quadrupoles or ITs, which perform efficiently in ion selection and CID. Furthermore, peptide ions formed by ESI are mostly doubly or triply charged, making fragmentation easier. The miniaturized ESI sources as static nanospray or microspray coupled to HPLC separations has been the choice during the last 10 years to produce peptide ions for fragmentation. Electrospray coupled to different tandem mass spectrometers constitutes a very robust methodology and a great deal of proteins have been identified in such way, as it is demonstrated by hundreds of biological publications [25] . However, during the past few years, MALDI sources have been coupled to existing (IT [70] , QTOF [83] ) or new (TOF/TOF [85] ) mass spectrometers. Efficient isolation and collision dissociation of ions may be performed using these instruments. As MALDI sample preparation is less demanding, there is an increasing trend towards using this source to ionize peptides for fragmentation experiments.
MALDI-TOF/TOF mass spectrometers (Figure 1(f ) ) enable protein identification by combining the high throughput of the PMF method with the specificity of the PFF method, since several MS/MS spectra can be acquired in a few seconds from a given sample and fragment ion data can be combined with precursor ion data for a highly reliable database search. In addition, the efficiency of MALDI-TOF/TOF instruments enable the study of proteomes from organisms with unknown genomes either by matching at least one conserved peptide sequence in the protein database or by de novo peptide sequencing from high quality MS/MS spectra. Insofar as many biological projects will continue to use 2D-PAGE, this new generation of MALDI instrumentation will strengthen further the role of MALDI MS in such research areas as protein identification and quantization, protein profiling, protein-protein interaction studies and PTM characterization, among others [25] .
Unfortunately, the PFF approach is only useful when there is an exact coincidence between the experimental data and a sequence included in the database. Any mass difference due to unexpected modifications precludes the identification. Conversely, the sequence tag approach, although requiring investing time for partial interpretation of the spectrum can be more tolerant with differences in peptide masses and sequences, allowing successful database searches when modifications occur.
De novo sequencing
When protein identification remains elusive using the above described approaches, the interpretation of peptide fragmentation spectra is the last possibility to obtain information about the protein under study. With a deep knowledge of peptide decomposition mechanisms, frequently it is possible to reconstitute the sequence of a peptide from its fragmentation spectrum [96] . This process is known as de novo peptide sequencing, as it is independent of any information present in databases. Traditionally, de novo sequencing was the task for Edman sequencing, but as stated earlier this technique is very slow and insensitive by today's standards. However, the number of labs that have the expertise to attempt the interpretation of MS peptide spectra successfully has dramatically increased. The data produced are generally used for searching protein homologies using sequence analysis by BLAST, or directly to design primers in order to clone the specific gene. Low-energy collision fragmentation MS/MS spectra of electrospray produced peptide ions have been extensively used for de novo peptide sequencing. Tandem instruments like TQ/IT or QTOF have been used successfully [97] . The MALDI is used with increasing frequency as a source of peptide ions for de novo sequencing. Apart from using ESI ions, good results have been presented with MALDI coupled to ITs, QqTOF and TOF/TOF [98] instruments, either using or not using diverse chemistries for peptide modification and simplification of the spectra. In this sense, the success in sequence interpretation using PSD in a MALDI-TOF mass spectrometer when peptides are N-terminal modified with a sulfonic acid moiety must be quoted [99] .
Most of the commercialized instrumentation may be used for de novo sequencing, and the choice is dependent on availability and personal preferences. For example, some labs feel more comfortable with the resolution and exact masses provided by QqTOF instruments, while others prefer to sacrifice resolution for the possibility of performing MS [3] and will choose ITs.
Interpretation of fragmentation spectra is largely dependent on the individual peptide sequence, causing the presence of internal peptide basic amino acids uneven fragmentation and major problems with sequence assignments. To offset this problem, tryptic digestion, which locates the two most basic amino acid residues, arginine and lysine at the C-terminus of the produced peptides, has been employed. With these basic residues fixed at the C-terminus, improved continuity of b and y ions (peptide bond fission fragment ions) is observed, making interpretation of spectra much easier. Differentiation of b from y ions is frequently obvious, but in some cases additional experiments would be needed, such as comparing unmodified spectra with a chemically modified spectra, i.e. esterified or N-acetylated. The tryptic digestion of the protein in a mixture of 18 O/ 16 O water, resulting in a duplicate set of y ions differing in mass by 2 Da [100] , or N-terminal tagging of a peptide to define the b ion series, are different alternatives.
The possibility of completely interpreting peptide fragmentation spectra using computer programs is an old dream. Since 1997, Rich Johnson's de novo sequence program Lutefisk has been available on the Internet and recently most of the instrument manufacturers commercialize their own programs. Generally speaking, spectra taken at high resolution are preferable for computer interpretation. Although very helpful, neither of them can be considered as absolutely trustable and are completely useless without checking. However, they can save many hours of work when an expert faces the interpretation of a batch of spectra.
POST-TRANSLATIONAL MODIFICATIONS
Post-translational modifications (PTMs) are defined as the series of chemical reactions whereby a newly synthesized polypeptide chain is converted to a functional protein. A common characteristic of PTMs is that the accompanying change in amino acid structure produces the corresponding change in the formula weight of that amino acid relative to the original, unmodified residue. This mass change is usually the basis of the detection and characterization of PTMs by MS. The activity of most eukaryote and prokaryote proteins is modulated by PTMs [101] .
The characterization of these modifications plays an important role in understanding most biological processes, such as activation/inactivation of enzyme activity [102] [103] [104] , regulation of gene expression [105, 106] , cellular localization [107] , modulation in ligand-receptor interactions [108, 109] , or destruction tag signalling [110] . Despite their pivotal role in biological function, the study of PTMs has been hampered by the lack of suitable analysis methods and many key modifications are yet to be discovered in a wide variety of biological processes.
The PTMs can be classified into three categories: proteolytic cleavage of part of the sequence (removal of an initiator methionine, a signal sequence, a transit peptide, etc.), adjunction of a chemical group (acetylation, glycosylation, phosphorylation, etc.) and formation of inter-or intra-peptidic linkages (disulfide bonds, thioether links, etc.). MS has a particular strength in its capability of characterizing PTMs and the use of new analysis technologies, e.g. the combination of different scan modes for ion filtering and precursor selection in hybrid systems (Figure 3) , makes the study more amenable. The effectiveness of mass spectrometric analyses for characterizing PTMs lies on the ability to expand the list of amino acid sequences to include additional modified residue masses. The most significant issue that affects and limits the analysis of PTMs is the specific nature of modification in terms of the precise modification site, and the generally low stoichiometry of most modification reactions. As a result, the difficulty of characterizing a particular PTM of a protein is recognizing the modified peptide as an ion in the extensive set of mass spectrometric data yielded by the analysis of a protein digest. Electrospray is one of the softest ionization techniques for MS [11] , which allows the detection and characterization of many PTMs, since direct sequence information is obtained. Highly complex protein mixtures can be directly identified and the possible post-translational modifications characterized by coupling 2D-nLC with tandem IT MS [26] , using an electrospray source as external ion generator.
Phosphorylation
One of the most studied regulatory PTM is the phosphorylation in serine, threonine and tyrosine residues, which occurs through the action of protein kinases and can be reversed by the action of protein phosphatases. Phosphorylation regulates many biochemical reactions involved, among other processes, in intracellular signalling [111] [112] [113] [114] , extracellular tissue development [115] , response to stress [116] , or in pathogenic processes [117] , and is a common modification of proteins. Therefore, great effort has been directed towards developing methods for detecting and characterizing this modification. However, identification of phosphorylated residues is a difficult task. When phosphorylation occurs in tyrosine, collisionally induced dissociation of the modified peptide produces the corresponding fragment showing the increased mass of the phosphate group in the tyrosine residue. Then phosphotyrosine has a molecular weight of 243 Da. This behaviour is markedly different from the collisionally induced dissociation of phosphoserine and phosphothreonine peptides. Two aspects of the product ion spectra are noteworthy: first, the neutral loss of H 3 PO 4 is very probable, which results in an ion 98 Da smaller from the parent ion. Second, both the b ions and y ions in the fragmentation spectrum that contain the phosphoserine or phosphothreonine are produced by consecutive fragmentation reactions breaking the amide bond and resulting in the loss of H 3 PO 4 , or vice versa. Many laboratories used these fragmentation reactions to facilitate the recognition of serine and threonine phosphorylated peptide ions. In order to detect and characterize phosphorylated sites from a complex peptide mixture, usually it is necessary to enrich the mixture with phosphopeptides by immobilized metal-affinity chromatography [118] (IMAC) and using nano-HPLC coupled on line to nanospray ionization MS for the analysis. Using this approach, it is possible to characterize hundreds of phosphopeptides from a whole-cell lysate in a single experiment [119] and this methodology can easily be extended to display and quantify differential expression of phosphoproteins in two different systems. Some groups employed other approaches to identify phosphorylation sites in proteins from complex mixtures. One of these approaches is based on the replacement of phosphate groups of serines and theronines by ethanedithiol [120] . The resulting derivative peptides are combined with a biotin affinity tag in order to separate phosphopeptides from the non-phosphorylated tryptic peptides, and finally characterized by MS. Other approaches include a six-step derivatization/purification protocol that requires a much longer time to complete and attain the phosphorylated protein population [121] .
In the recent years, new analytical methods based on MS have been developed for characterizing PTMs. The combination of different scan modes for ion filtering in hybrid systems (Figure 3 ) allows efficient selection of precursor ions, which release a specific fragment ion when induced to fragment in a LIT mass analyser. The examples are the selection of ions losing the phosphate group (À79 Da) when ionized in negative mode (proper ionization mode for ionization of phosphopeptides) and the selection of ions that have the enhanced neutral loss of phosphate in positive mode (À98 Da in singly charged parent ions) within a complex mixture of phosphorylated and non-phosphorylated peptides. The combination of classical TQ scan modes (precursor ion scanning or multiple reaction monitoring), with LIT scan modes allows the possibility of searching, isolating and characterizing phosphorylated peptides (Figure 3) . A typical experiment aimed at phosphopeptide searching using hybrid instruments takes advantage of the rapid ionization polarity switching and combines precursor ion filtering in a TQ for parent ion selection with high-resolution scan for mass labelling and charge determination and enhanced product ion scan to induce fragmentation.
Ubiquitination
Ubiquitination is a PTM in which ubiquitin chains or single ubiquitin molecules are appended to target proteins, giving rise to poly-or monoubiquitination, respectively [122, 123] . Polyubiquitination targets proteins for destruction by the proteasome. The strategy for identifying the precise ubiquitination site by MS relies on searching the diglycine remnant of ubiquitin covalently bound to a lysine residue. Recently, a proteomic approach to enrich, recover and identify ubiquitin conjugates from yeast lysate [110] has been developed.
Xenobiotic modifications
Another most studied type of PTM is modification by xenobiotic species such as toxins or drugs. The general goal in the studies of xenobiotic protein modification is to help to elucidate the mechanisms of action of these agents by the analysis of the corresponding adducts. The careful design of chemical probes to be covalently attached to proteins of interest will strengthen our understanding of biology of drug development, and proteomic approaches represent an essential analytical tool in this process. The chemical probes that have been developed to date have been shown to be useful for the identification of cysteine proteases involved in processes such as apoptosis [124] , cataract formation [125] and malarial infection [126] . Other probes have been used to profile enzymes involved in clinically relevant conditions such as cancer progression or cancer invasiveness [127, 128] . In addition to the increasing number of reported chemicals probes, many mechanism-based inhibitors or affinity labelling reagents have already been identified. Among the major classes of enzymes that have been the focus of drug discovery efforts, the two that are most amenable to be analysed by a proteomic approach are protein kinases [129] and protein phosphatases [130, 131] . The application of a proteomic approach may help elucidate the biological effects of the covalent binding between drug and protein, and may allow the precise characterization of the modification sites along the protein sequence. A recent research field that has been termed 'clinical proteomics' includes separating, identifying and characterizing proteins, defining and constructing clinical databases and sample collections, and testing clinically relevant hypotheses against complex data sets derived from high-throughput measurement techniques and well-phenotyped human populations. The resulting knowledge of the molecular processes and mechanisms underlying disease will lead to novel therapeutic strategies. Advances in MS have enabled the simultaneous quantification of large numbers of different proteins [25] at minute levels. Changes in the quantity and structure of proteins are associated with different disease states. Instead of searching for specific individual biomarkers to identify the presence of particular disorders [132, 133] , proteomics enables massive identification of differential proteins by matching mass profiles of altered and control samples.
Acetylation
Protection against proteolysis mediated by aminopeptidases has been suggested as one of the common functions for acetylation (þ42 Da), a modification present in most of the eukaryotic soluble proteins in mammalian cells [134] . N-terminal serine, alanine and methionine residues are normally the targets for acetylation. In recent years, several mass spectrometric approaches have been devised for selective identification of this PTM and sequencing of the modified peptides [135] . These approaches have revealed an outstanding role for acetylation in nuclear receptors [136] , human cancer [105] and plant histones [137] , among many others.
Methylation
Several methylases have been described that specifically modify individual proteins. Mono-, di-and trimethylation (þ14, þ28 and þ42 Da, respectively) take place at the amino groups of alanines and methionines and at side-chain lysines and are believed to play a role in the regulation of gene expression, protein localization, protein-protein interactions and protein-nucleic acid interactions [105, [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] . MS has been extensively used to demonstrate methylation of protein complexes [144] and of the N-terminal domains of histones [145] [146] [147] , among many others.
Glycosylation
An enormous variety of glycosylations occur in proteins that influence their functionality in many ways. The formation of branching carbohydrate trees provides a shield for the tertiary fold of proteins or their functional domains. Some glycoproteins have more than 40% of carbohydrate content (e.g. erythropoietin). These covalent modifications are known to play a key role in many diseases by influencing regulatory and developmental or transport processes [134] . Normally, serine and threonine are the targets for O-glycosylation, while N-glycosylation takes place via asparagine residues. The carbohydrate chains are commonly composed of galactose, fucose, N-acetylglucosamine, acetylgalactosamine, mannose, sialic acid, N-acetylneuraminic acid and s-inositol. In some cases (e.g. yeast extracellular glycoproteins), oligosaccharides with hundreds of sugar units are attached. The disialylated biantennary and tetraantennary N-glycans may contribute notably to the 3D surface of glycoproteins. In these cases, the polypeptides may serve as a support for glycan presentation in glycoprotein/ carbohydrate binding interactions.
The N-and O-glycans can be removed from glycoproteins upon treatment with N-glycosidase F and O-glycosidase, respectively. The comparative mass spectrometric analysis of treated and untreated glycosylated samples can reveal the type of modification (e.g. N-acetylhexoseamination entails a mass increase of þ203, þ406, þ609 Da), and target residues can be inferred by MS/MS analysis. A huge number of works [147] [148] [149] [150] have demonstrated the ability of mass spectrometric approaches to reveal protein glycosylation sites, especially in combination with such techniques as isotope tagging [151, 152] .
Nitrosylation
Nitric oxide (NO) is believed to regulate crucial processes within the cell through interaction with and modification of a variety of molecules, including proteins. Due to the lability of the S-NO bond, S-nitrosylated (þ29 Da) protein species have been described mainly through indirect approaches such as the 'biotin switch', in which the cysteine-bound NO is replaced by a biotin tag [153] . This approach has enabled the identification of S-nitrosylated proteins in brain tissue [153] , mesangial cells [154] and endothelial cells [155, 156] .
SECOND GENERATION PROTEOMICS
Proteomic technologies have emerged as a new paradigm for biological process understanding, drug discovery and development of new biotechnology products. Due to this challenge, a great effort in different fields such as bio-analytical research, peptide/protein chemistry and bioinformatics have been made. The development of new analytical and data management tools to perform shotgun analysis will allow the scientific community to acquire a better understanding of biological processes, boosting the development of a new global approach to study life: Systems Biology.
In the last five years, proteomic procedures are changing dramatically. In 1999, in John Yates' laboratory a new methodology to perform rapid simultaneous identification of hundreds of proteins was presented [157] . Two years later, this methodology was further refined and termed as multidimensional protein identification technology (MudPit) [26] , and constitutes the basis of gel-free proteomics. Now, complex protein mixtures are digested in-solution, and the peptides produced are separated using chromatographic techniques based in orthogonal separation steps using strong cation exchange (SCX) and reverse-phase (RP) chromatography coupled to ESI-MS/MS. These analyses can be made in two different ways: (i) in the so called online method, both chromatographic separations are physically interfaced so that the strong cation exchange separation is performed using salt steps. In each salt step, eluted peptides are trapped by the reverse phase column, washed and then analysed in a RP-LC-MS/MS run. The successive cycles of this process are performed; (ii) In the offline approach, peptides are separated in the first dimension using a salt gradient and eluted peptides are collected in fractions. The fractions are then dried down, reconstituted in an aqueous solvent and each one is analysed in a RP-LC-MS/MS run [158] . Both methodologies have advantages and drawbacks. The online approach is completely automatable but the offline method provides better coverage because of the better peptide separation in the first dimension. Peptide identification is carried out using software for database search with uninterpreted tandem mass spectra as mentioned before. Due to limitations in the scoring systems of current search engines, not all fragmented peptides can be confidently identified [159] [160] [161] . The development of several statistical methods for unambiguous peptide identification is highly necessary. Each database search engine has its own rules for matching the experimental tandem mass spectra of the peptides to the predicted mass spectra of the amino acid sequence contained in the database. While the scores assigned by these programs have been widely used for peptide identification, they do not readily provide an automated way to interpret the results, mainly because it is not possible to clearly distinguish between correct peptide assignments and false identifications ( Figure 5 ). When dealing with small data sets, manual curation is a common routine. However, huge datasets generated by second generation proteomics experiments typically contain thousands of spectra, making manual inspection unfeasible. Several filtering criteria, based on the scores provided by database search engines and the properties of the identified peptides, have recently been developed to try to separate correct from incorrect peptide assignments. The statistical behaviour of the scores provided by algorithms such as SEQUEST or MASCOT has been studied using random or inverted databases in order to turn the raw scores into random match probabilities. The goal is to obtain the highest possible rate of successful identifications with the lowest possible rate of false positives [95, [159] [160] [161] .
Although still under development, shotgun protein identification is increasingly used and now it is not only circumscribed to research laboratories involved in technical development. It is highly sensitive, can be completely automated, and allows a real high throughput in proteome analysis. This analytical strategy is being extensively used in an exploratory fashion for the 'blind' characterization of all kinds of biological samples, providing a comprehensive view on the studied system at the protein level, regardless of its complexity, thus laying the way to further hypothesis-based studies or experimental designs. The number of published articles is increasing each day and, as a representative example, it is worth mentioning the recent great success in the integration of these techniques with genomic and transcriptomic approaches in the study of the protozoan organisms belonging to the genus Plasmodium, which cause malaria and related diseases, and have a quite complex life cycle [162] [163] [164] [165] [166] .
Recently, the efficient offline coupling of RP liquid chromatography with MALDI instruments has demonstrated its feasibility [167] . The outlet of the RP column is interfaced to a spotting device, which deposits a mixture of column eluent and matrix directly into the MALDI target. Despite the technique being not fully standardized yet, a number of works have demonstrated its potential use for the detailed analysis of complex systems [168] [169] [170] . Its principal strength is the possibility of reanalysing any desired spots after an initial data processing.
QUANTIFICATION
Often one of the important aspects in proteomic studies is the need to measure the relative or absolute amounts of the proteins present in a biological sample. This is essential for studying the effect of a given agent on a biological system, for comparison of two different biological states, evaluation of yields in biotech process, etc. Quantitative or comparative proteome analysis was initially performed with 2D-PAGE [171, 172] . Although 2D-PAGE is still the most common approach, its limitations are well known: time consuming, labour intensive, low dynamic range and insufficient coverage of very large (>150 kDa), small (<15 kDa), hydrophobic, or otherwise insoluble proteins. In addition, usually more than 100 mg of total protein is necessary for each gel analysis.
For these reasons, more versatile MS-based approaches in conjunction with gel-free protein/ peptide separations have been developed in recent years as an alternative to the classical gel-based technology. Today, stable isotopic labelling is the widest used methodology for quantization, either relative or absolute. The advantage of isotopic based methods relies on their efficiency when MS is applied. Several stable, non-radioactive isotopes like 2 H, 13 C, 15 N and 18 O have been used for this purpose. Three strategies have been applied to introduce stable isotopes into peptide and protein chains to perform relative quantization ( Figure 6 ): (i) the label can be introduced by chemical reaction of specific amino acid residues or functional groups with an isotopically labelled reagent, as with the isotope code affinity tags (ICAT) [173] or iTRAQ strategies [174] ; (ii) enzyme catalysed reactions like 16 O/ 18 O exchange catalysed by trypsin or other proteases [175, 176] is a second and very promising approach; (iii) isotopically enriched media can be used to culture the cells to be studied [177] [178] [179] . All these procedures have been extensively evaluated and used during the last years, but none of them has proven to be superior, each one having advantages and disadvantages. In addition, absolute quantification strategies relying on the use of internal standards, such as synthetic peptides labelled with isotopically modified amino acids [180, 181] are being developed for very accurate quantitative measurements of specific a priori chosen targets.
This part of the review will focus on the most widely used, MS-based, non-gel approaches for quantitative proteomics, such as ICAT, metabolic labelling and 16 O/ 18 O exchange, together with recent applications of each one of these methodologies. Promising new developments, like iTRAQ and label-free LC-MS, will be commented upon as well.
Chemical labelling, ICATand iTRAQ technologies
Although a wide variety of isotopically labelled chemicals have been reported, the ICAT procedure is the most widely used approach. It consists of two isotopically labelled molecules, which are differentiated only by their mass due to the substitution of several light isotopes (light reagent) by their heavy counterparts (heavy reagent). The reagent is composed of two different functionalities originally held together by a differentially deuterium-labelled linker [173] . A thiol specific reactive group was linked to a biotin moiety, allowing avidin purification of cysteine-containing peptides. In the linker structure, the substitution of eight hydrogen atoms by deuterium allowed the mass differentiation. The ICAT-labelled peptides could be separated from the rest of the peptides using affinity chromatography with avidin micro columns. In a further step, the elution of peptides from the avidin column produced labelled peptides which could be identified and quantified by MS. Nevertheless, some slight differences in chromatographic properties of the deuterated and the undeuterated forms of ICAT were observed. In addition, elution from the affinity column was incomplete in many cases. To improve its performance, the original ICAT reagent has suffered two modifications [182] . In the new reagent, deuterium is avoided and for differential labelling nine 12 C are substituted by nine 13 C in the linker. Substitution of 12 C by 13 C does not affect chromatographic behaviour. The addition of a cleavable bond to the molecule, allowed biotin to be removed, increasing recovery. Peptides purified with biotin moiety gave better fragmentation patterns, yielding more unambiguous identifications. Since only cysteine-containing peptides are labelled and purified, the sample is greatly simplified, enabling the quantitation of lower abundance proteins. Thus, this strategy is suitable for analysis of very complex mixtures, but not universally applicable to any tryptic digest. The use of this quantitative approach is not limited to any specific LC-MS platform, since a variety of sources and mass analysers have successfully been employed. This technology has been the most used quantitative approach in the last few years. Many different works have been published, either 'blindly' applied to highly complex proteomes [183] [184] [185] [186] [187] [188] [189] [190] or to specific macromolecular complexes [191, 192] .
In parallel to the development of new ICAT reagents, several groups have used isotopically labelled forms of chemicals commonly used in protein chemistry to generate signal doublets. In contrast to these methods, it is worth mentioning a promising and completely different technique, called iTRAQ [174] , in which the quantitative measurements are taken from tandem mass spectra rather than from survey scans/chromatographic peak areas. iTRAQ reagents consist of a set of N-terminal-reacting isobaric compounds that, upon CID, release a mass-coded reporter ion. The combinations of heavy isotopes are introduced in the labelling group so that the precursor ion mass is the same for all the reagents, but each of them shows a reporter ion of different mass. The main advantage of this approach is the ability to simultaneously analyse as many samples as the number of iTRAQ reagents commercially available (multiplexed analysis, for now four reagents). The relative intensities of the reporter ions provide direct readouts of the relative contribution of each of the samples in the mixture.
Metabolic labelling
Metabolic labelling should be the most accurate methodology for quantification, because neither chemical nor fractionation steps are required to introduce the label and technical variation is thus minimized. Two main methodologies have been described. The first one consists of the introduction of 15 N-enriched ammonium sulphate or amino acids in the culture medium, where they are uptaken by cultured cells and incorporated to their endogenous proteins [177, 178, 193, 194] . A second one consists in the introduction of leucine or arginine, labelled with either deuterium or 13 C [179, 195] . In either method all the sample preparation steps are done after mixing the two differentially labelled samples, so any experimental treatment or artefact affects both samples equally. Peptide identification and quantitation can be done using MALDI or ESI coupled to any mass spectrometer. The separation between 15 N-labelled and unlabelled mass peaks is unpredictable because the incorporation yield of 15 N is not known. In the second strategy, the mass difference between the peptide pairs is not fixed, either, but it is predictable from the peptide sequence.
It is obvious that these strategies can only be applied to cultured cells, but they have been reported to be very powerful in elucidating elemental biological processes [196] [197] [198] [199] [200] [201] [202] . Recently, these strategies have also been successfully used for labelling rather complex multicellular organisms such as Caenorhabditis elegans, Dorsophila melanogaster [203] , plants [204] or mammals [205] . Furthermore, pairwise comparisons between cultured cell lines and dissected tissues are also highly promising [206] .
Quantitative proteomics using enzymatic 16 O/ 18 
O labelling
This methodology is based on the trypsin catalysed oxygen exchange at the free C-terminus from a peptide [175, 176] . When a peptide is incubated with H 2 18 O in the presence of trypsin, there is a water molecule exchange resulting in the addition of one or two 18 O atoms to the carboxy-terminus of the peptide. Oxygen exchange is sequence-independent for tryptic peptides and there are almost no experimental constraints in the sample preparation protocol. The proteins are digested with trypsin using 16 O water. Further incubation of the digest with trypsin either with H 2 16 O or H 2 18 O water completes the differential labelling. Besides trypsin, other proteases have also been reported to perform well for the oxygen exchange [176] . The great advantage of this method is its great versatility: virtually any protease-generated peptide can be labelled and it can also be successfully applied to very low amounts of sample [207] . For the mass spectrometric analysis, high resolution scans are preferred because of the narrow spacing and partial overlap of the labelled and unlabelled species. The number of published works is, for now, scarce [207] [208] [209] [210] [211] .
Label-free method
Quantitative proteomic analysis using label-free methods consists of looking for statistical differences in ion signal intensities or chromatographic peak areas among between several HPLC-MS runs of the samples to be compared [212] [213] [214] [215] . These methods are based on the linear relationship between the signal and the concentration of the analyte in the chromatographic eluent, but they have been poorly characterized. It is expected that, in many cases, due to problems derived intrinsically from mass spectrometric analysis such as ion suppression effects or the influence of differential data-dependent scanning conditions on peak intensity, the accuracy of the measurements can be reduced if the sample is very complex. Nevertheless, the continuous and fast development of MS techniques coupled with ultra-high efficiency separation methods promises reliable results in a short time. In this sense, high resolution FTICR MS combined with accurately controlled chromatographic conditions, the so-called 'accurate mass and time' approach [216] , holds great promise in quantitation power, resorting to MS/MS identification only for those peptides of interest which show significant change in signal intensity.
TOP-DOWN PROTEOMICS
All the paragraphs above review 'bottom up' proteomics, which refers to those experiments analysing protein digests, and consequently involve working at peptide level. However, these strategies do not allow the study of combinations of sitespecific mutations and PTMs in full, intact proteins. The so-called 'top-down' proteomics is an exciting field that promises to offer new information taking advantage of the exact molecular weight and direct fragmentation of the protein ions in the gas phase. Due to the importance of taking very accurate mass measurements, FTICR analysers are preferred, but others can also be used [217] . Fragmentation of intact isolated proteins in highresolution mass spectrometers enables extensive structural characterization, leading to accurate determination of modifications, errors or derivatized active sites, or sequencing of the whole protein in a single experiment [218, 219] . The main disadvantages of this new methodology are its lower efficiency in protein identification, sensitivity and throughput compared with bottom-up strategies. Hence, its application in solving biological problems is not currently widespread because of the still insufficient technical development (both in hardware and software). Perhaps, its main limitations are the lack of an efficient protein separation technology that can be easily interfaced to the mass spectrometer, the signal suppression effects observed when electrospray ionization is used and the still not wellcontrolled fragmentation mechanisms inside the ICR cell [220] . Nevertheless, whenever these strategies have been applied as an integrated technology together with the bottom-up approaches, the assignment of PTM sites is simplified; confidence of identifications increased, and protein isoforms differentiated [221] .
CONCLUSIONS
As it can be seen from the reviewed literature, any mass spectrometer having tandem mass analysis capabilities, regardless the ion source, mass analyser or separation technology to which it is interfaced, can be used for both protein identification and quantitative studies. Specialized instruments with increased resolution and scan speed are providing and will continue to provide enhanced analytical capabilities, showing better performance in certain types of analyses. Nevertheless, most proteomics applications reviewed are amenable to being implemented in a wide variety of platforms. The fast developments of mass spectrometers in parallel to the advances in protein chemistry provide us with new ways for asking biological questions. It is likely that gelfree MS-based proteomics will occupy a central role in biological research, providing accurate measurements of changes in biological functions, which will be elegantly coded by researchers as changes in molecular mass. In order to accomplish these goals, new interesting configurations of ion sources and mass analysers will be explored, new scan modes will be designed, and physical improvements of the current spectrometers will provide enhanced 'firepower'.
